Nitric oxide synthase (NOS), an enzyme involved in synthesis of nitric oxide (NO), has been localized in many diverse cell types. In the CNS and PNS, discrete neuron cell groups express NOS constitutively. Recent evidence indicates that NOS is inducible in neurons normally not expressing NOS. After transection of peripheral nerves, NOS expression was significantly up-regulated in the axotomized sensory ganglion cells, whereas in the corresponding motor neurons NOS was not induced unless axon regeneration was prevented and ensuing neuron death became massive. Studies on axotomyinduced NOS have been limited largely to spinal nerves, with only one reported in the vagus nerve. The aim of this study was to determine whether NOS induction in motor neurons of the brainstem after axotomy is regulated in a manner similar to that of the spinal cord. By NADPH-diaphorase histochemistry and NOS immunocytochemistry, the status of NOS in neurons of the hypoglossal nucleus, dorsal motor nucleus of the vagus, and motor nucleus of the facial nerve was examined 2 weeks after unilateral transection of the respective cranial nerves, and the results were compared with those of spinal motor neurons after transection of the sciatic
Introduction
Nitric oxide synthase (NOS) is an enzyme involved in the synthesis of nitric oxide (NO), a free radical generated under physiological conditions. Although NO gas was discovered many centuries ago, the role of endogenously biosynthesized NO as a novel, ubiquitous transcellular messenger has only been documented recently. NOS has been localized in many different cell types. On the basis of molecular mass, subcellular location, and Ca2+ dependence, at least three types of NOS have been classified (15) . Type I NOS is found in neurons, Type I1 is best characterized in macrophages, and Type I11 is found in endothelial cells. Neuron and endothelial NOS are constitutively expressed and are dependent on Caz+/calmodulin for NO production, whereas Type I1 NOS is CaZ+ independent and is expressed in activated macrophages and some glial cells after immunological stimulation. Discrete populations of neu-Supported by grant #662198 from the PSC-CUNY Research Award Pro ram of the City University of New York. ' Correspondence to: Dept. of Cell Biol. and Anat. Sci., City U. of New York Medical School, Convent Ave. at 138th St., New York, NY 10031. nerve. NOS, undetectable in neurons of the three cranial motor nuclei of sham-operated animals, was observed in about 3O-5O0/o of neurons in the cranial motor nuclei ipsilateral to axotomy, but it was not detected in spinal motor neurons after axotomy. NOS localized in axotomized cranial motor neurons was unrelated to NOS of macrophages or endothelial cells. There was no appreciable cell loss from axotomy at this period except in the dorsal motor nucleus of the vagus, where some loss was observed. The results indicate that there is a fundamental difference in the regulation of NOS expression between motor neurons of the cranial and spinal nerves. The possible role of NOSlNO acting as cytoprotective or cytotoxic agent on injured motor neurons is discussed. Motor neurons of cranial and spinal nerves may serve as a useful model to further defiie the roles of NOSlNO in neurons, especially after traumatic injury. (JHstochem Cytochem 1994) KEY WORDS: Nitric oxide synthase (NOS); Motor neurons; Axotomy; Cell death; NADPH diaphorase; NOS immunocytochemistry; Rat cranial nerves. rons in the central (CNS) and peripheral (PNS) nervous systems express NOS (3, 4, 6, 7, 17, 20) . An emerging body of evidence indicates that neuronal NOS may subserve a multiplicity of disparate biological functions (for reviews see refs. 5 and 19). Among these is the role of NOS in neurons after nerve injury (8, 10, 18, 22) .
It was reported that NOS mFWA and the number of NOSpositive neurons increased markedly in the ipsilateral dorsal root ganglion after sciatic nerve transection (8, 18) . Up-regulation ofNOS expression and a presumable increase in NO production suggest involvement of NO in the function of sensory neurons, especially after axotomy. In contrast, NOS was not detected in motor neurons of the anterior horn after sciatic nerve lesion (8,18). Only after avulsion of the ventral root did NOS become detectable in motor neurons of the anterior horn (22). Since about 80% of the anterior horn motor neurons in the segment of root avulsion died eventually (22) and an NOS inhibitor, nitroarginine, significantly reduced such neuron death (23), NOS expressed in injured motor neurons is thought to signal the impending death of injured cells or to act as a killer protein that produces neurotoxic levels of NO.
Injury-induced NOS was also localized in motor neurons situated more rostrally in the neural axis. Gonzalez et al. (10) reported that neuronal NADPH-diaphorase staining in the dorsal motor nucleus of the vagus increased after cervical vagotomy. Unaware at the time that neuronal NADPH-diaphorase is an NOS (6,13), these authors postulated that the phenomenon represents metabolic responses of the vagal motor neurons to axotomy. It should be noted that the consequence of vagotomy performed by Gonzalez et al. (10) is no different from that of avulsing the ventral root in terms of inflicting massive neuron death, because the vagus nerve was ligated at two points 5 mm apart and the isolated segment of the nerve was excised. When both the proximal and distal stumps of the nerve are ligated, regenerating axons are prevented from entering the distal nerve stump, and the ensuing neuron death is more extensive than after simple nerve transection.
The aim of this study was to determine whether motor neurons express NOS only under conditions in which axon regeneration and reinnervation of targets are blocked. Using NADPH-diaphorase histochemistry and NOS immunocytochemistry, the present study demonstrates that motor neurons of cranial nerves, unlike those of anterior horn, express NOS after simple nerve transection, and that 30-50% of axotomized cranial motor neurons are NOS positive 2 weeks after axotomy.
Materials and Methods
Surgery. Adult female Sprague-Dawley rats weighing 200-250 g were anesthetized with IM injections of ketamine (80 mglkg) and xylazine (8 mg/kg) and subjected to either a single, unilateral transection ofthe sciatic nerve (n = 2) or a dual, unilateral transection of cranial nerves: the hypoglossal and vagus nerves (n = 2) or the hypoglossal and facial nerves (n = 2). After skin incision, the right sciatic nerve was transected at the midthigh level, the right hypoglossal nerve was transected at the level of the anterior belly of the digastric muscle, and the right vagus nerve at the bifurcation of the common carotid artery. The left facial nerve was transected distal to its exit from the stylomastoid foramen. In all nerve transections, a 1-mm segment of the nerve was removed to ensure that the transection was complete. The wound was closed with surgical wound clips. In shamoperated rats (n = 2), the sciatic, hypoglossal, vagus, and facial nerves were exposed unilaterally but not transected.
Tissue Preparation. Two weeks after nerve lesion, the animals were anesthetized with a lethal dose of sodium pentobarbital, and briefly perfused intracardially with PBS, followed by a fixative containing 4% paraformaldehyde in 0.1 M PBS, pH 7.4. After perfusion. the brainstems and spinal cords were removed, submerged in the same fixative for an additional 8 hr, and then transferred to 0.1 M PBS with 10% sucrose until sectioning. Serial coronal sections 30 pm thick were cut with a freezing microtome through the entire rostrocaudal extent of the hypoglossal nucleus, dorsal motor nucleus of the vagus, and motor nucleus of the facial nerve. For the spinal cords, segments of the lumbar enlargement were blocked and 30 pm-thick, serial sections were cut either transversely or horizontally.
NADPH-Diaphorase Histochemistry. Alternate sections were collected in tissue culture wells and processed histochemically for nicotinamide dinucleotide phosphate (NADPH)-diaphorase. since NADPH-diaphorase has been shown to be a specific marker for neuronal NOS (6.13). The protocol of Valtschanoff et al. (17) was used. Briefly, sections were pre-incubated for 5-10 min in 0.1 M PBS containing 0.25% Triton X-100, transferred to a freshly prepared buffer-%iton solution containing 0.3 mg/ml P-NADPH and 0.2 mglml nitroblue tetrazolium (Sigma; St Louis, MO), and incubated for 3 hr in a 37°C oven. Reactions were terminated by rinsing sections in cold 0.1 M PBS. Sections were mounted on gelatin-subbed slides, and half of the sections from each rat were counterstained with 0.5% neutral red, while the other half was left unstained. For controls, PNADPH was omitted from the histochemical protocol. NOS Immunocytochemistry. A few remaining sections from brainstem tissues were mounted on gelatin-subbed slides and processed for indirect immunocytochemistry by the standard avidin-biotin procedure with diaminobenzidine as a substrate. The rabbit polyclonal antibody (No. 6761-7, generated at Abbott Laboratories) to rat cerebellar NOS was used at a dilution of 1:3000-1:4000. In control experiments, the primary antibody was omitted from the staining procedure. After immunostaining, sections were covered with water-soluble mounting medium without counterstaining.
Cell Count. Cell counts were made in sections processed for NADPHdiaphorase and counterstained with neutral red. Neurons of the hypoglossal nuclei, dorsal motor nuclei of the vagus, and motor nuclei of the facial nerve were counted and tallied on both the intact and lesioned sides. On the lesioned side, the total numbers included both NADPH-diaphorasepositive and -negative neurons. The percentage of NADPH-diaphorasepositive neurons on the lesioned side was calculated using the total number of neurons on the lesioned side as 100%. For cell counts of NADPH-diaphorase-positive neurons on the intact side, sections reacted for NADPHdiaphorase but without neutral red counterstain were used. Since successive sections were at least 60 pm apart, the neuron cell body was used as the unit counted.
Results

NADPH-diaphorase Histochemistry
In the sham-operated animals, somatic motor neurons of the spinal cord and neurons in the hypoglossal nucleus and motor nucleus of the facial nerve were devoid of NADPH-diaphorase staining. Most neurons in the dorsal motor nucleus of the vagus were NADPH-diaphorase negative, except those in the rostral and caudal poles of the nucleus where a few neurons were stained positive.
Two weeks after transection of the hypoglossal and vagus or hypoglossal and facial nerves, a large number of neurons in the respective motor nuclei ipsilateral to nerve transection were found to be NADPH-diaphorase positive (Figures 1 and 2) . In contrast, somatic motor neurons of the spinal cord remained unstained for NADPHdiaphorase after transection of the sciatic nerve.
The cell counts of the hypoglossal nucleus, dorsal motor nucleus of the vagus, and motor nucleus of the facial nerve are shown in E b l e 1. In each of these cranial nerve nuclei, about 30-50%
of the neuron population on the lesioned side were NADPHdiaphorase positive. However, the contralateral, intact motor nuclei were virtually devoid of NADPH-diaphorase-positive neurons except in the dorsal motor nucleus of the vagus, where positively stained neurons on the contralateral side were found, mostly localized in the rostral and caudal poles of the nucleus. In the hypoglossal and facial motor nuclei, the total neuron cell counts were not significantly different between the intact and lesioned sides. In the motor nucleus of the vagus, the total number of neurons on the lesioned side was reduced about 10-20% compared with that of the contralateral, intact side. The intensity of NADPH-diaphorase staining of axotomized motor neurons varied considerably, from a light blue color to a deep hue. The histochemical reaction products were deposited mainly in neuron perikarya and processes but not in the cell nuclei. The distribution of NADPH-diaphorase-positive neurons appeared to be random, without preference for any specific subnuclear groups. Among the three motor nuclei of the cranial nerves studied, the dorsal motor nucleus of the vagus had the most intense NADPHdiaphorase staining. In control experiments in which P-NADPH was omitted from the histochemical protocol, NADPH-diaphorase staining was completely abolished, including endothelial cells and those neurons normally exhibiting NADPH-diaphorase activity without axotomy.
In the rats that had undergone unilateral transection of the hypoglossal and vagus nerves, a few NADPH-diaphorase-positive neurons were found in the nucleus ambiguus ipsilateral to the side of nerve transection. Since in the sham-operated animals NADPH-diaphorase staining was absent in the nucleus ambiguus, these NADPH-diaphorase-positive neurons in the nucleus ambiguus were considered to have been axotomized during cervical vagotomy by virtue of their projection through the vagus nerve.
NOS Immunocytochemistry
NOS-immunoreactive (NOS-IR) neurons were found in the hypoglossal nucleus, dorsal motor nucleus of the vagus, and motor nucleus of the facial nerve ipsilateral to axotomy (Figure 3) . NOS-IR neurons were absent in the contralateral intact nuclei. Among the three motor nuclei, the dorsal motor nucleus of the vagus con- tained the most numerous NOS-IR neurons with the most intense staining. Jn addition to these three motor nuclei, the sites at which neurons normally stained positive for NADPH-diaphorase without axotomy also contained a few NOS-IR neurons. Therefore, NOS immunocytochemistry appeared to be spatially well correlated with NADPH-diaphorase activity. Since the antiserum to NOS used in the present study was specific to neuronal NOS (Type I) and did not crossreact with NOS of macrophages (Type 11) or endothelial cells (Type 111) (15) . NOS localized in the axotomized motoneurons was unlikely to be related to Type I1 or Type 111 NOS.
Discussion
The present study demonstrates that NOS, normally undetectable in motor neurons of the brainstem and spinal cord except in the intermediolateral cell column (3,7,17) , can be localized prominently in motor neurons of cranial nerves after axotomy. As shown by immunocytochemical studies, the lesion-induced NOS in axotomized motor neurons belongs to the class constitutively expressed in neurons and is unrelated to the isoform of macrophages or endothelial cells. It remains to be determined whether there was de novo syn- thesis of NOS in motor neurons after axotomy or whether the basal level of NOS in motor neurons was low but became manifest after axotomy as a result of up-regulated expression and heightened protein synthesis as part of the neuronal response to injury. The fact that simple transection of peripheral nerve fibers could provoke a dramatic NOS induction in cranial but not in spinal motor neurons suggests a fundamental difference in the regulation of NOS expression between neurons of these two regions. This finding also reveals a previously unrecognized difference between the two regions in response to traumatic injury in motor neurons.
In the present study, all the animals designated for cranial nerve lesion were subjected to a procedure of dual nerve transection, i.e., one nerve each was cut from the hypoglossal and vagus or from the hypoglossal and facial nerves. This experimental paradigm allowed comparison of the status of NOS in two different sets of motor nuclei within each animal. The 2-week survival time was chosen as the end-point in light of the fact that the number of NOS-positive neurons and the intensity of neuronal NOS staining were near the maximum at this time post axotomy (8, 10, 18, 22) . This period also coincided with the highest activity of protein synthesis in the hypoglossal nucleus after axotomy (16). Furthermore, this post-axotomy period preceded by several weeks significant neuron losses induced by axotomy in the hypoglossal nucleus and motor nucleus of the facial nerve (1, 24) . The number of neurons in the three motor nuclei, as shown in %able 1, was obtained by cell counts from sections processed histochemically for NADPH-diaphorase and counterstained with neutral red. It is noteworthy that these sections represented approximately one quarter of the total number of sections cut serially through the entire extent of the respective motor nuclei. Therefore, the values in Table 1 were not indicative of the total neuronal cell numbers. However, the data provided important information with regard to the proportion of axotomized motor neurons expressing NOS and the extent of cell loss from axotomy. Our finding that there was no appreciable cell loss in the ipsilateral motor nuclei 2 weeks post axotomy, except in the dorsal motor nucleus of the vagus, is in agreement with that reported by Aldskogius et al. (1) . However, the extent of cell loss in the dorsal motor nucleus of the vagus in the present study was less severe than that reported by these investigators. Among the three cranial nerve motor nuclei studied, the dorsal motor nucleus of the vagus showed the most intense NOS staining after axotomy, possibly reflecting its higher basal level of NOS and/or greater response to axonal injury.
It remains to be determined whether NOS expressed in injured motor neurons leads to the generation and release of NO. Since L-citrulline is the byproduct of the metabolic pathway in generating NO from L-arginine by a family of NOS, this question could be addressed by detecting citrulline in injured motor neurons. NO regulates a variety of physiological processes via its capacity to bind and activate soluble guanylyl cyclase (GC-S), which then forms the second messenger molecule guanosine 3',>'-cyclic monophosphate (cGMP) (2). Therefore, by localizing GC-S and/or by measuring cGMP, it is possible to identify targets of NO presumably released from injured motor neurons. Since axotomy-induced NOS was not restricted to neuron perikarya and bundles of NOS-positive fibers could be seen emerging from the respective motor nuclei to exit the brainstem, targets of NO may include postsynaptic elements such as skeletal muscle or ganglionic neurons in addition to nearby neurons, blood vessels, or glial cells in a paracrine fashion. NOreleasing motor neurons themselves could also be targets in an autocrine fashion.
Although NO is a short-lived free radical readily diffusible in tissues, once expressed in neurons after axotomy NOS appears to persist for a much longer period, up to several weeks (8, 10, 18, 22) . Therefore, the release of NO from axotomized neurons may not be transient, and the steady flow of NO from axotomized neurons must be viewed in the proper context of its significance. NO protects the myocardium and intestine from ischemic/reperfusion injury by a variety of cytoprotective actions, among which is its function as a scavengerlinactivator of cytotoxic superoxide radicals (9, 14) . NO was also shown to reduce H202-derived cytotoxicity on mesencephalic dopaminergic neurons in culture (21) . Oxygen free radicals have been implicated in the pathogenesis of neuronal cell death after stroke and brain trauma. In this context, the expression of NOS in axotomized motor neurons could be considered as part of a defense mechanism of neurons to counteract the massive increase in free radicals consequent to axonal injury and the subsequent increase in neuron metabolism for regeneration of the damaged axons.
On the other hand, increased production or indiscriminate release of NO could convert this local messenger into a powerful cytotoxic molecule. NO inhibits enzymes involved in DNA synthesis, mitochondrial electron transport, and the citric acid cycle by binding to iron-sulfur prosthetic groups (11,U) . Therefore, under the chronic condition when the latent inducible form of NOS begins to produce cytotoxic amounts of NO, what was initially beneficial could eventually turn into something detrimental.
Previous stxdies from this laboratory and others have shown that there was an eventual loss of 25-30% of neurons in the hypoglossal and facial motor nuclei and up to 50% loss in the dorsal motor nucleus of the vagus 12 weeks after axotomy (1, 24) . NOS expressed in axotomized motor neurons may play a causal role in such cell loss as a result of excess production of NO. It will be of great interest to determine whether NOS-expressing motor neurons after axotomy are those targeted for eventual death or whether they are the ones spared from delayed, selective elimination. The present study raises the possibility that motor neurons of cranial and spinal nerves may serve as a useful model for experiments that seek to further define the roles of NOSlNO in motor neuron diseases and dysfunction after traumatic injury to the nervous system.
